Introduction {#s1}
============

Wild animals rarely have the benefit of a steady supply of dependable food resources. Natural variation in prey availability and foraging success, digestive constraints and life-history considerations (such as periods required for nursing or mating) that may preclude timely foraging will result in intermittent nutritional intake. Animals have a number of adaptations, including down-regulation of resting metabolism, decreased activity, alteration of digestive processes and increased levels of subsequent food intake, that can be employed to compensate for inconsistent prey intake encountered on a normal basis to maintain an optimal nutritional plane that maximizes growth and survival. However, these adjustments are intrinsically limited in scope ([@COU021C34]). Furthermore, they may be over-taxed or not fully implemented during periods of unexpected food restriction experienced in less typical conditions ([@COU021C30]). The impact of unexpected periods of food restriction or fasting is likely to be greater for younger animals, given their relatively higher energetic requirements and their physical under-development and behavioural naïveté. Periods of unexpected short-term fasts may impact immediate survival due to negative energy balance or impact future reproductive success through decreases in body size ([@COU021C43]).

Northern fur seals (*Callorhinus ursinus*) are an example of a species where young animals may be challenged to acquire sufficient prey even in normal circumstances. These fur seals become nutritionally independent in November at ∼4 months of age, when they become largely pelagic entities ([@COU021C25]). During this initial period of independence, they have little experience with deep-water foraging and their physical diving capacity is under-developed ([@COU021C3]; [@COU021C37]). It is likely that some northern fur seals have difficulty finding sufficient prey every day and, therefore, endure occasional fasts during their first months at sea. Mortality rates of northern fur seals are greatest during the at-sea phase of their first 2 years of their life ([@COU021C16]; [@COU021C39]). While predation rates may be substantial, the greatest source of natural mortality is likely to be an inability to catch sufficient prey to meet their energetic requirements.

These normal patterns of periodic under-nutrition may be exaggerated due to changes in the fur seals\' biotic or abiotic environment; factors that have been implicated in the observed decline in fur seal populations ([@COU021C40]; [@COU021C19]). This population decrease is most notable on the Pribilof Islands in the Bering Sea, with a 6% yearly decline in the main breeding site at St Paul Island, Alaska ([@COU021C19]).

Young foraging northern fur seals must contend with many potential bioenergetic handicaps to their survival, including higher mass-specific energy requirements than adults ([@COU021C46]; [@COU021C19]) and the fact that they may normally be operating at close to their maximal digestive capacity ([@COU021C35]). Thermally, the fur seals\' lower lipid stores (at least compared with phocid seals; [@COU021C17]) and high surface-to-volume ratios may encourage greater rates of heat loss. The thermal neutral zone of young northern fur seals has been demonstrated to be substantially narrower than that of more mature individuals ([@COU021C8]; [@COU021C33]). If young fur seals have trouble acquiring sufficient prey, potential heat loss may be magnified as they use remaining hypodermal lipid reserves to meet energy deficits ([@COU021C6]; [@COU021C9]), which can result in a lethal spiral of escalating thermal costs ([@COU021C13]; [@COU021C34]).

Metabolic depression (the down-regulation of metabolic rates) is often cited as a common physiological adaptation to periodic food shortages among many species ([@COU021C15]). The theory is that decreasing required metabolic costs (including resting metabolic rate) will limit rates of mass loss due to insufficient energy intake ([@COU021C11]). Changes in the resting metabolic rate of young pinnipeds have been examined over periods of natural fasting of otariid pups during the nursing period ([@COU021C27]; [@COU021C2]; [@COU021C4]; [@COU021C42]) or during the brief post-nursing moult period ([@COU021C9]), although the latter has been most intensely studied among phocid seal pups ([@COU021C45]; [@COU021C20], [@COU021C21]; [@COU021C28]; [@COU021C26]; [@COU021C18]; [@COU021C14]). However, the metabolic response of mammals during life-history stages or seasons when food shortages normally occur may be different from the response during periods when food shortages are unexpected. Only one published study has examined changes in resting metabolism in response to episodes of experimental fasting in a young otariid outside of the normal nursing period ([@COU021C30]).

It must also be noted that the metabolic depression response does not occur in physiological isolation and must be viewed in light of competing bioenergetic priorities. It is unclear, for example, how this strategy would be implemented during a life-history stage that is also characterized by an increased priority for growth (with its related concurrent increase in metabolism) and high environmental thermal challenges. Past studies have confirmed that changes in metabolism in response to under-nutrition in young Steller sea lions (*Eumetopias jubatus*) are seasonal in nature ([@COU021C30]), which is likely to reflect different energetic priorities formulated in response to natural changes in food supplies or other bioenergetic variables. Like most subpolar species, the energetic requirements of northern fur seals appear to differ with the time of year ([@COU021C32]). Therefore, metabolic depression might potentially be more effective or more likely to be invoked as a strategy to deal with periodic food shortages during different seasons. The impact of changes in metabolism or body composition due to episodes of under-nutrition on thermoregulatory capacity or growth might also be seasonal in nature.

The goal of our study was to determine the bioenergetic consequences of imposed food interruptions on young northern fur seals. We examined the seasonal response of young northern fur seals to short periods of imposed fasting over their first 2 years post-moult. We monitored changes in resting metabolic rates between seasons and over the course of the imposed fasts and quantified the potential effect of fasts on the energetic cost of thermoregulation through cold-water thermal challenges. We also measured seasonal differences in lipid stores and body mass and determined whether the rate of mass loss during the fast was related to aspects of seasonal energy budgets, such as the normal level of food intake or metabolic rate. Ultimately, we wanted to determine whether seasonal differences in energetic responses make young northern fur seals more susceptible to the effects of unexpected interruptions in food supplies at certain times of the year.

Materials and methods {#s2}
=====================

We tested the seasonal effects of food restrictions on six female northern fur seals between January 2009 and June 2010. The animals came from the Pribilof Islands post-weaning in October 2008, and were kept at the Marine Mammal Energetics and Nutrition Laboratory located in the Vancouver Aquarium (British Columbia, Canada) as part of a long-term captive research programme. The study employed longitudinal measurements on the six fur seals over the ages of 6--24 months old, during which they ranged in mass from 9.4 to 18.1 kg (overall mean ± SD 12.93 ± 2.0 kg). All experimental protocols were approved by the Animal Care Committees of the University of British Columbia and the Vancouver Aquarium.

The fur seals were normally fed previously frozen herring, supplemented with vitamins. Food intake levels were set by husbandry staff to maximize food intake while retaining their training capacity. For each set of trials, metabolism was measured as the rate of oxygen consumption immediately prior to and at the end of a 48 h fast, both in ambient air and while submerged in water at 4°C. The resting metabolic rate (RMR) of the fur seals was measured in a specially built chamber (340 l) via flow-through respirometry. Ambient air (3.7--18.5°C) was drawn through the chamber at 125 l min^−1^ using a 550-H Mass flow pump (Sable Systems, Las Vegas, NV, USA). A subsample of the excurrent air was desiccated via drierite and then passed through a Sable Systems CA-1B CO~2~ analyser and a FC-1B O~2~ analyser. Ambient air temperature and humidity were also recorded. Instantaneous oxygen and carbon dioxide concentrations were averaged every second, and recorded to a PC using Sable System\'s Expedata software. Raw instantaneous gas concentrations were converted to rates of oxygen consumption (, in millilitres of O~2~ per minute) using LabAnalyst X (M. Chappell, UC Riverside) that employed appropriate equations as given by [@COU021C44].

For the pre-fast measures of metabolism, the animal had not eaten for 14--17 h. This period represented the animals\' routine overnight fast and was probably long enough to avoid any metabolic effects of the heat increment of feeding and short enough to preclude any significant fasting effect. Post-fast measurements were made ∼48 h later, giving an approximate total fasting time of 65 h. For each set of measures, metabolism was first measured at ambient air temperatures while each animal was in a dry chamber for ∼25 min. The resting metabolic rate in dry conditions (RMRdry) was calculated as the average over the last 10 min of the sample. The chamber was then partly flooded (so that the torso of the fur seal was submerged, but not deep enough to permit swimming) with salt water from a large reservoir tank that maintained the water at 4°C. Water flowed continuously through the chamber (the water level was maintained via a physical overflow to prevent accidental flooding) to ensure a constant testing temperature. The chamber took ∼5 min to fill, and the fur seal remained in the chamber for a further 25 min. The resting metabolic rate in wet conditions (RMRwet) was calculated as the average during the last 10 min of this phase.

Body mass was determined at the start and end of the fast by having the fur seals position themselves on a platform scale (±0.01 kg). Body composition (specifically, percentage lipid mass) was estimated at the start (within 3 days) of the fast via deuterium dilution techniques (as detailed by [@COU021C29]). Briefly, a background serum sample was obtained under veterinary-supervised isofluorane anaesthesia prior to an intramuscular injection of deuterated water at a measured dose of 0.10--0.15 ml kg^−1^. A second serum sample was obtained 100--120 min post-injection. Matched serum samples and appropriate dose samples were analysed by Metabolic Solutions (Nashua, NH, USA). These results were transformed into total body water and were then converted to total body lipid (in kilograms) using the 'All animal' equation in Table 5 of [@COU021C1]. The percentage body lipid was estimated by dividing estimated lipid mass by the known body mass.

Each of the six fur seals was tested seven times over the course of the 18 month experiment. Individual trial periods were opportunistic, and therefore, not distributed evenly over the experimental period. The timing and number of trials did not allow us to use the same four seasonal divisions as for other studies ([@COU021C8]; [@COU021C33]). Instead, each trial was categorized *a priori* as either 'winter' (January 2009, March 2009, November 2009, March 2010) or 'summer' (July 2009, September 2009, June 2010). The separate assignment of the September and November trials was made partly on the basis of each being included with similar pre- and post-moult periods. Subsequent retesting found that the assignments of the September and November trials had no statistical impact on the final results.

Statistical differences in physiological parameters (body mass, metabolic rate and percentage lipid) attributable to season (winter or summer) or trial (pre-fast or post-fast) were determined via linear mixed-effects (LME) models in R 2.9.0 statistical software (R Core Team, Vienna, Austria). The testing environment (dry or wet) was also included as a potential fixed factor for testing differences between RMRdry and RMRwet. These models allow data from each animal within a trial and data from each animal across trial types to be treated as a repeated measure by considering the correlation between repeated measurements within and among animals ([@COU021C24]). Treating each animal as a random effect for all models permits inferences from the sample population to be applied to wild counterparts. The model tests for potential additive effects by comparing the predictive power of competing models that incorporate different combinations of significant factors. For each model comparison (including comparison with the null model that incorporates no fixed effects), the best-fit model was selected using a likelihood ratio test (LRT) as described by [@COU021C24] that selects the simplest model (least number of factors) that explains the greatest amount of variance.

Body mass is known to affect metabolism, although the exact nature of this relationship is the subject of considerable debate (e.g. [@COU021C12]; [@COU021C10]; [@COU021C23]). We therefore tested for changes or differences in metabolism in terms of absolute rates of oxygen consumption (in millilitres of O~2~ per minute), as well as including body mass as a covariate to account for simultaneous differences or changes in body mass. Although the potential effect of mass on metabolism was tested in this manner, we also report values in terms of mass-specific metabolism (in millilitres of O~2~ per minute per kilogram) for clarity and to facilitate comparisons with other published studies.

Results {#s3}
=======

Changes in body mass, body composition and food intake {#s3a}
------------------------------------------------------

Developmental changes in body mass occurred over the 18 months it took to conduct the seven trials. The fur seals were at their lowest average body mass at the start of trial 3, when they were ∼6 months old (11.1 ± 1.1 kg ± SD), and greatest during the final trial when they were ∼24 months old (15.62 ± 1.7 kg; Fig. [1](#COU021F1){ref-type="fig"}A). Non-linear growth meant that the average pre-fast body mass of the fur seals during the summer trials (13.5 ± 2.3 kg) was not different from that during the winter (13.2 ± 1.8 kg) at the start of the fasts (LRT = 0.16, *P* = 0.69). There was, however, a seasonal difference in the amount of mass lost over the course of the 48 h fast. The fur seals lost significantly more mass over the course of the fast during the summer trials (--0.92 ± 0.17 kg) than during the winter (--0.69 ± 0.10 kg; LRT = 22.41, *P* \< 0.001). This seasonal difference was also apparent when mass loss was expressed as a percentage of initial body mass (summer = --6.8 ± 0.5%, winter = --5.3 ± 0.8%; LRT = 33.60, *P* \< 0.001; Fig. [1](#COU021F1){ref-type="fig"}B). Figure 1:Experimental results for six female northern fur seals subjected to seven fasting trials. (**A**) Initial (pre-fasting) body mass (in kilograms). (**B**) Changes in body mass as a percentage of initial (pre-fasting) mass over each 65 h fast. (**C**) Initial (pre-fasting) rates of resting metabolism (in millilitres of O~2~ per minute) as measured in a dry metabolic chamber. (**D**) Percentage changes in resting metabolism during each dry trial. The fur seals were ∼6 months old during fasting trial 1, and 24 months old during fasting trial 7. Winter trials are designated by blue boxplots and summer trials by red boxplots. Boxplots illustrate the 25th--75th percentile bisected by the median, and whiskers designate the 95% confidence limits.

While average initial body mass did not differ between seasons, there was a seasonal difference in their initial estimated lipid stores. The fur seals possessed greater lipid stores during the winter compared with the summer, whether expressed as absolute lipid mass (3.4 ± 1.2  vs. 1.3 ± 0.6 kg; LRT = 23.52, *P* \< 0.001) or as a percentage of total initial body mass (25.6 ± 7.0 vs. 9.8 ± 3.6%; LRT = 23.47, *P* \< 0.001).

There were also seasonal differences in their gross energy food intake (LRT = 18.02, *P* \< 0.001). Mean daily food intake during the 7 days prior to the fast was greater in the summer (1350 ± 14 g day^−1^) compared with the winter (971 ± 32 g day^−1^, *P* \< 0.001). Given that the energy density of the food source was relatively constant throughout the study (6.9--7.6 kJ kg^−1^), this also meant that the fur seals had a significantly greater rate of energy consumption in the summer compared with the winter trials.

Seasonal changes in metabolic rates {#s3b}
-----------------------------------

There was a significant seasonal difference in the initial (pre-fast) resting metabolic rates in ambient air (RMRdry), which were higher in the summer (261.3 ± 91.5 ml O~2~ min^−1^) compared with the winter (161.4 ± 94.0 ml O~2~ min^−1^; LRT = 39.00, *P* \< 0.001; Figs [1](#COU021F1){ref-type="fig"}C and 2A). Not surprisingly given the similar initial body mass of the fur seals in summer and winter, this seasonal difference in pre-fasting metabolism remained when the potential effect of body mass was taken into account as a covariate (RMRdry summer = 19.9 ± 7.3 ml O~2~ min^−1^ kg^−1^ and winter = 12.2 ± 6.8 ml O~2~ min^−1^ kg^−1^; LRT = 11.57, *P* \< 0.001; Fig. [2](#COU021F2){ref-type="fig"}C). Figure 2:Changes in metabolism of six female northern fur seals over the course of 65 h fasts. Metabolism is presented as either absolute rates of oxygen consumption (**A** and **B**) or scaled to body mass (**C** and **D**). Measurements were made in ambient air (A and C) and when submerged in water at 4°C (B and D). Data are presented as means ± SD over the seven trials separated into either winter ('W', blue circles) or summer trials ('S', red squares). An asterisk indicates either statistically significant seasonal differences in pre-fast metabolic rates or significant differences between pre-fast and post-fast measures.

Similar seasonal results were found for metabolic rate while resting in 4°C water. Initial (pre-fast) absolute metabolic rate in water (RMRwet) was significantly greater in the summer (267.9 ± 56.8 ml O~2~ min^−1^) compared with the winter (193.4 ± 58.5; LRT = 14.66, *P* \< 0.001; Fig. [2](#COU021F2){ref-type="fig"}B). Again, adding body mass as a model covariate did not change the significance of these seasonal differences (RMRwet summer = 20.2 ± 4.4 ml O~2~ min^−1^ kg^−1^ and RMRwet winter = 14.7 ± 4.5 ml O~2~ min^−1^ kg^−1^; LRT = 15.13, *P* \< 0.001; Fig. [2](#COU021F2){ref-type="fig"}D).

The testing environment (wet or dry) was not a significant factor in predicting pre-fast metabolism, such that average pre-fasting metabolism was not different between measurements made in ambient air and 4°C water (RMRdry = 205.3 ± 104.6 ml O~2~ min^−1^ and RMRwet = 226.1 ± 68.2 ml O~2~ min^−1^; LRT = 2.89, *P* = 0.09). Neither body mass nor season was a significant model factor, meaning that the lack of difference attributable to testing environment for pre-fast metabolic rates held true regardless of season and when the potential effect of body mass was accounted for (RMRdry = 15.6 ± 7.9 ml O~2~ h^−1^ kg^−1^ and RMRwet = 17.1 ± 5.2 ml O~2~ min^−1^ kg^−1^; LRT = 1.21, *P* = 0.27).

Metabolic changes due to fasting {#s3c}
--------------------------------

Overall, there were no significant changes in resting metabolic rates (RMRdry pre- vs. post-fast) over the course of the fasts, such that pre-fast metabolic rate measured in ambient air was not different from post-fast metabolic rate (LRT = 0.11, *P* = 0.74; Fig. [1](#COU021F1){ref-type="fig"}D). However, there was a significant seasonal effect observed (LRT = 15.13, *P* \< 0.001), indicative of differences in the nature of the response between seasons. A season-specific examination of the data confirmed no statistically significant changes in average resting metabolic rate (RMRdry) during either the winter or the summer trials (winter change from 161.4 ± 94.0 to 160.3 ± 74.6 ml O~2~ min^−1^, LRT = 0.003, *P* = 0.95; summer from 261.3 ± 91.5 to 213.7 ± 95.9 ml O~2~ min^−1^, LRT = 2.38, *P* = 0.12; Fig. [2](#COU021F2){ref-type="fig"}A). This lack of change in resting metabolism in air over the course of the fasts in either the winter or the summer trials held true when body mass was taken into account (winter change from 12.2 ± 6.8 to 12.9 ± 6.0 ml O~2~ min^−1^ kg^−1^, LRT = 0.10, *P* = 0.75; summer from 19.9 ± 7.3 to 17.5 ± 8.0 ml O~2~ min^−1^ kg^−1^, LRT = 2.32, *P* = 0.13; Fig. [2](#COU021F2){ref-type="fig"}C).

Overall, there was a significant decrease between pre- and post-fast measures of metabolism measured in 4°C water (RMRwet 226.1 ± 68.2 vs. 195.7 ± 49.3 ml O~2~ min^−1^; LRT = 5.30, *P* = 0.02). However, the statistical model that included season to explain changes in wet metabolic rate was significantly stronger than the null (pre- vs. post-fast only) model, suggesting a differential seasonal response. Analysed by season, there was no significant decrease in metabolism in water over the fast during the winter trials (from 193.4 ± 58.5 to 167.6 ± 36.7 ml O~2~ min^−1^; *P* = 0.055) but there was a significant decrease in the summer trials (from 267.9 ± 56.8 to 231.7 ± 39.1 ml O~2~ min^−1^; *P* = 0.01; Fig. [2](#COU021F2){ref-type="fig"}B).

Of course, part of the apparent seasonal effect of changes in metabolism in cold water in response to fasting may be related to seasonal differences in body mass loss. For the winter trials, neither trial (pre- vs. post-fast) nor body mass was a significant model factor, confirming no significant changes in RMRwet over the fasts (from 14.7 ± 4.5 to 13.4 ± 2.9 ml O~2~ min^−1^ kg^−1^; LRT = 2.12, *P* = 0.15; Fig. [2](#COU021F2){ref-type="fig"}D). For the summer trials, trial was a significant fixed effect and body mass was a significant covariate, indicating that, while at least a portion of the observed difference in pre- vs. post-fast metabolism in 4°C water was attributable to changes in body mass, there remained a significant fasting effect even when this was controlled for (from 20.2 ± 4.4 to 18.8 ± 3.7 ml O~2~ min^−1^ kg^−1^; LRT = 5.1, *P* = 0.02).

Factors affecting rates of body mass loss {#s3d}
-----------------------------------------

Given that both rates of mass loss during the fast and pre-fast metabolic rates were greater on average in the summer than the winter, we examined whether there was a significant linear relationship between the observed rates of mass loss and initial metabolic rates. The linear relationship between mass loss (in kilograms) over the course of the fast and initial RMR in ambient air varied significantly by season (LRT = 18.6, *P* \< 0.001). When each season was examined separately, there was still a linear relationship for winter, wherein greater pre-fast metabolic rates resulted in greater rates of mass loss during the fast. However, there was no significant relationship between pre-fast metabolic rate and rate of mass loss over the fast during the summer trials (i.e. slope was not significantly different from zero).

In a similar manner, we examined whether the amount of food that the fur seal was 'deprived of' during the fasting period (average daily intake based upon 7 days prior to the fast, in kilograms per day) was a predictor of the amount of mass lost during the fast. Examining data from both the winter and summer trials together, food intake prior to the fast was able to predict rates of mass loss (in kilograms per day; LRT = 11.4, *P* \< 0.001), but season was also a significant factor. When each season was examined separately, the change in mass could be predicted from food intake during the winter trials (ANOVA *F*-test intercept, *P* = 0.001 and slope, *P* = 0.01). Specifically, in the winter months, animals consuming greater amounts of food prior to the fasts experienced greater rates of mass loss over the course of the fast. However, there was no significant relationship between previous levels of food intake and changes in body mass over the fast during the summer trials.

Discussion {#s4}
==========

Metabolic depression is a common physiological response to normal or unexpected periods of nutritional deprivation, typically measured as a decrease in resting metabolic rate ([@COU021C11]). Traditionally, the onset of metabolic depression is thought to be associated biochemically with the shift from glycogenolysis to gluconeogenesis (phase 2 fasting; [@COU021C5]; [@COU021C6]; [@COU021C7]). However, changes in metabolism in response to fasting are not universal, and the tendency to implement this physiological change may depend upon factors related to ontogeny, life history, season or the extent and nature of the food restriction.

We predicted that the young northern fur seals in our study would exhibit metabolic depression in response to short-term acute fasts, based on the reported response of the young of other otariid species. For example, 7- to 10-week-old wild Antarctic fur seals (*Arctocephalus gazelle*) pups demonstrated a 13% decrease in resting metabolism ([@COU021C2]) after 4 days of fasting. Captive Steller sea lion pups (6--14 weeks old) demonstrated significant (∼7%) decreases in metabolism in response to fasts identical to those implemented in the present study (D. A. S. Rosen and A. W. Trites, unpublublished data). In contrast, the fur seals in our study demonstrated no significant changes in resting metabolic rate over the course of the 65 h fasts.

One important ecological difference between the animals in the different metabolic studies is that the Antarctic fur seals and Steller sea lions were developmentally immature in comparison to the fur seals in our study, in that they would still have been nursing in the wild (in the laboratory study with the Steller sea lions, they were still consuming milk formula). The northern fur seals, in contrast, were already weaned (at ∼4 months of age) at the start of the study and were at a stage when they would have begun foraging on their own. Likewise, subantarctic fur seal pups (*Arctocephalus tropicalis*) exhibited a 30% decrease in metabolism within 4 days of fasting ([@COU021C42]). While these animals were older (∼7 months) than the fur seals in our study, they were also still dependent on their mothers and were subject to prolonged periods of fasting at this stage of their natural history due to maternal foraging trips. In other words, the difference observed in the metabolic response is likely to be attributable to the fact that the fast was considered 'unpredicted' within the context of the life history of the northern fur seals, whereas most other studies of young otariids have been conducted at life-history stages where periodic fasting episodes are the norm (e.g. [@COU021C2]; [@COU021C4]; [@COU021C42]).

Theoretically, metabolic depression is implemented during episodes of under-nutrition to minimize energetic expenditures and decrease rates of mass loss. Given the lack of physiological adjustment apparent in the resting metabolism of the fur seals, it is not surprising that there were significant consequences to this short episode of food deprivation. In addition, given the seasonal nature of the northern fur seals\' energy budget ([@COU021C32]), it was not surprising that these consequences differed by season, with our fur seals losing significantly more mass during the summer months than the winter months. However, the question remains regarding the proximate cause of the observed seasonal differences in rates of mass loss during the fast.

Conceivably, a proportion of the observed seasonal differences in rates of mass loss could have been a byproduct of different sources of tissue catabolism. Blubber has a higher energy concentration per gram than lean tissues, largely reflective of the energetic differences between lipid and protein constituents ([@COU021C36]). Therefore, the lower rates of mass loss in the summer could, in theory, have been due to the preferential catabolism of lipid vs. protein compared with the winter. This could be a bioenergetically wise decision, in that the fur seals would be less likely to require the additional insulative component in the wild during the summer. However, this strategy seems unlikely given the fur seals\' lower initial lipid content in the summer and their apparent lack of post-fast thermal response in cold water.

We believe that the higher rates of mass loss exhibited in the summer months were due to the higher metabolic costs associated with this time of year. This was specifically demonstrated by the higher rates of resting metabolism during the summer. Given that resting metabolism did not change over the course of fasting, it represents a source of immutable energetic expenditure that must be met by either food intake (not possible during fasting) or tissue catabolism (apparent as differences in rates of mass loss). This higher RMR during the summer trials is likely to be a consequence of the fur seals\' reliance on this period for lean tissue growth ([@COU021C41]; [@COU021C35]). These increased demands of higher resting metabolic rates and growth were mirrored by a significantly greater rate of energy consumption in the summer compared with the winter trials. In fact, up-regulation of digestive capacity is not only a strong contributor to higher rates of resting metabolism during the summer months, but may also preclude short-term down-regulation in response to unexpected food shortages.

The strategy to prioritize lean tissue growth in the summer months may also explain why there was a stronger relationship between resting metabolism and rate of mass loss within the winter trials than the summer ones. It has been demonstrated that food-restricted Steller sea lions will actually increase core mass while losing overall body mass during critical times of the year ([@COU021C31]), thereby confounding the relationship between changes in body mass and changes in energy storage during the summer growth period.

In addition to the direct loss of body mass, there was also potential for a further seasonal effect of food deprivation due to the loss of body lipid (even assuming that the proportion of lipid loss was equal between seasons). In pinnipeds, the hypodermal lipid (blubber) layer generally serves both as an energy reserve and as insulation. Therefore, loss of lipid mass can cause an increase in thermoregulatory costs due to decreasing insulation, which potentially serves to increase the energy debt further and result in greater mass loss, leading to a downward spiral of mounting energy debt ([@COU021C34]).

We predicted that the mass loss ensuing from the fast would increase the metabolic cost of being in cold water. In addition, we predicted that the thermal effect would have the greatest potential impact following fasts in the summer months, a time of the year when the fur seals are least likely to encounter cold waters in the wild, had lower absolute and relative initial lipid stores, and lost a greater proportion of body mass (presumably with concurrent loss of lipid reserves). This prediction was supported by the observation that larger (169--179 kg), older Steller sea lions exhibited a significant increase in metabolism following a similar fast when exposed to water at 2°C (D. A. S. Rosen, unpublished data). However, contrary to predictions, there was a complete lack of increased thermal response while in cold water following the fasting period.

The lack of thermal response while in water occurred despite the fact that a concurrent study of the same animals confirmed that the testing conditions were on the edge of their thermal neutral zone ([@COU021C33]). Presumably, the lack of response in the fur seals (even after presumed lipid loss during the fast) reflects a greater reliance on the insulative capacity of their pelage rather than their rather meagre (by comparison) hypodermal blubber ([@COU021C17]). However, it should be noted that, while lipid mass loss due to short-term food restriction may not have additional thermal consequences, the higher concurrent rates of protein loss during the summer may also have consequences for health and survival.

Ecological implications {#s4a}
-----------------------

Little is currently known about the physiology of northern fur seals in the wild owing to their absence from land when 4--24 months of age. Our observations of fur seals in captivity, therefore, have several implications for how unpredicted changes in food supplies might affect northern fur seals in the wild during this cryptic period of their life history. Contrary to initial predictions, the fur seals did not exhibit significant metabolic depression in either winter or summer periods. This may have been because the period of imposed fasting (or, more probably, the realized mass loss; [@COU021C22]) was insufficient to trigger such a response. However, this is unlikely given that significant decreases in metabolism have been observed in response to similar episodes of short-term fasting in other young otariids.

We suggest that the lack of metabolic response (or delay in implementing metabolic depression) is most likely to be related to the fact that northern fur seals would not usually be subject to longer periods of food deprivation at this age, and so would not be expected to have evolved a rapid metabolic response to short-term periods of food restriction. While a lack of metabolic adjustment will result in greater rates of mass loss during the period of fasting, these impacts may be offset by avoiding the bioenergetic and physiological consequences of metabolic down-regulation, such as the potential impacts on growth, thermoregulation and the ability to make efficient use of food resources when they become available ([@COU021C38]).

However, the lack of metabolic adjustments and the inherent seasonal differences in metabolism suggest that short-term disruptions in the food supply would most dramatically affect northern fur seals in the summer season by imposing greater rates of mass loss.

Other studies with captive fur seals have previously suggested that the capacity of fur seals to overcome periods of food shortages by increasing subsequent levels of food intake are severely limited by innate digestive limitations ([@COU021C35]). This is most likely to occur during the summer months, when the potential food deficit is highest and its impact on growth rates most pronounced. Therefore, future conservation efforts should concentrate on the availability of adequate prey for young northern fur seals in the North Pacific Ocean during the relatively brief, but vital period of summer growth.
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